Materials and Methods
PLANT MATERIALS. Theobroma cacao clone TSH5 16' was used as the source of DNA for amplification with degenerate primers. 'TSHS 16' was selfed to create the F, population (Brown et al., 2005) that is segregating for resistance to witches' broom [Moniliophthora perniciosa (Stahel) Aime and Phillips-Mora].
The 146 F, plants derived from 'TSH5I6' were used to establish the map locations of the TIR-NBS-LRR loci.
DEGENERATE PRIMER DESIGN. Degenerate primers to TIR-NBS-LRR genes were designed as described in Wei et al. (2003) using the DePiCt program (Wei and Narasimhan, 2005) . Briefly, 47 full-length amino acid sequences of TIR-NBS-LRR genes from different plants were aligned using PILEUP (Acceliys. Carlsbad. Calif.). For the accession numbers of the sequences, please refer to Wei et al.. 2003 , a copy of which can be found on the DePiCt website (Wei and Narasirnhan. 2005) . The DePiCt program found regions of identity among the aligned sequences and reverse translated them into degenerate primer sequences. If the degeneracy of any primer was above 1200-fold, the program split the alignment into subgroups and searched again for regions of identity that would reverse translate into primers of degeneracy less than 1200-fold. This process resulted in eight pairs of primers which were designed (Table 1) 10 six different subgroups from the original alignment. Primers were produced by Sigma-Genosys (The Woodlands, Texas).
DNA ISOLATION AND PC R AM pI.II'ICATION. DNA extraction and amplification with degenerate primers were performed as described Table] . Degenerate primers designed for amplification of Toll/Interleukjn-I Receptor-nucleotide binding site-leucine rich repeat (TIR-NBS-LRR) resistance gene homologues in lndicates position of primer in the aligned amino acid sequences described in Wei et al. (2003) . 'Brackets indicate degeneracy in amino acid sequence {e.g., [FLI indicates F or L at this position}. in Kuhn et al. (2003) , with the exception that Platinum Taq High Fidelity (Invitrogen, Carlsbad. Calif.) was used. A temperature gradient (45 to 65 °C) was performed on the PTC-0225 DNA Engine Tetrad (MJ Research. Inc.. Waltham, Mass.) to determine the optimum temperature for amplification of the eight sets of TIR-NBS-LRR degenerate primers.
CLONING AND SEQUENCING OF PCR PRODUCTS. Amplification
products were electrophoresed on a 1.5% agarose gel in 0.5x TBE and stained with ethidium bromide. Fragments larger than 500 bp were excised from the gel, extracted with a Qiaquick Gel Extraction Kit (Qiagen, Valencia, Calif.) and cloned into the Topo4 vector (Invitrogen) according to the manufacturer's specifications. Clones were selected by growth in the presence of ampicillin (Borrone et al., 2004) . Individual clones were amplified with M13 primers and the amplified fragments sequenced on an ABI3 100 (Applied Biosystems Inc.. Foster City, Calif. ) using either T3 or T7 as the sequencing primers (Borrone et al., 2004) .
SEQUENCE ANALYSIS. Unedited sequence data were analyzed by several methods using programs from GCG DNA analysis software (Aceelrys Software Inc., San Diego). The unedited sequences were made into a dataset and searched using TFASTX. The query sequences were either full-length gene sequences or partial sequences that represent the expected amplified regions from the subgroup sequences used to design the degenerate primers (Wei et al., 2003) . In addition, all 460 unedited nucleotide sequences were used to query plant sequences in the GenBank database in a BLASTN (basic local alignment search tool-nucleotide) and a TBLASTX (translated basic local alignment search tool) search. The searches were done after 2000 hr EST using the blastcl3 executable program [National Center for Biotechnology Information (NCBI). 20041 and all 460 sequences were in a single search file in PASTA format. The single output BLAST report for all 460 sequences was parsed using a shell script (available on request) to generate a spreadsheet file containing the top three hits for each query sequence.
Sequences identified by BLAST report to have significant identity to known T1R-NBS-LRR genes (E value <e 35, where the E value is the number of alignments that would be expected by chance alone) were edited for both vector and degenerate primer sequences and aligned using the PILEUP program of GCG. Pairvise distances were calculated for both nucleotide and amino acid sequences using the OLDDISTANCES program of GCG. K and K values for the aligned nucleotide sequences were calculated using the DIVERGE program of GCG. Clustering of TIR-NBS-LRR sequences was performed using the unweighted pair group method, arithmetic mean (UPGMA) algorithm, and phylograms prepared by the GROWTREES program of GCG.
DESIGN OF SSCP PRIMERS. The aligned edited nucleotide sequences were used to design primers using the PRIME+ program of GCG for individual loci (TIR2-4). Regions were chosen that included a single-nucleotide polymorphism (SNP) and primers were designed in regions that flanked the polymorphism and generated a fragment between 150 and 250 nucleotides (lit) to maximize efficiency of detection by SSCP analysis. Forward primers were labeled with 6FAM (6-carboxyfluorescein) at the 5' end and reverse primers were labeled with HEX (6-carboxy-2',4.4',5',7.7'-hexachlorofluorescejn ) at the 5' end to enable detection of each strand under nondenaturing conditions. Primers were synthesized by Sigma-Genosys.
PCR AND SSCP ANAI.YsJs. DNA from the 146 trees of the F, population was amplified with the SSCP primers specific for TIR2, 3, and 4 as described in Kuhn et al. (2003) . SSCP analysis was performed as described in with the following modifications. Amplified fragments were diluted 1:100 with sterile distilled HO and 10 pL of sample was denatured for 5 min at 95 °C and snap cooled on ice. Ten microliters of 1:200 diluted undenatured R0X2500 molecular weight standards (Applied Biosystems Inc.) were added to each sample: the samples were then analyzed on the ABI3 100 (Applied Biosystcms Inc.) using a 50-cm capillary array with 5% GeneScan polymer. 10% glycerol, 1xTBE at 22 and 28 °C. Run files were analyzed with GeneScan and Genotyper software (Applied Biosystems Inc.) and genotypes exported as tables for mapping.
MAPPING OFTIR-NBS-LRRLOCI. Mapping ofTIR-NBS-LRR loci was as described in Brown et al. (2005) . The TIR-NBS-LRR loci were mapped together with 192 SSR markers and 10 candidate-gene markers in the F, population, providing a solid mapping background for their placement.
Results

AMPLIFICATION OF L CACAO GENOMIC DNA WITH DEGENERATE
PRIMERS FOR TIR-NBS-LRR GENES. Genomic DNAofTSH5 16', the parent of the F, mapping population, was amplified with the six different groups of primers described in Table 1 using an annealing temperature gradient from 45 to 65 °C. Groups 2 and 5 primer amplification products were smears with no bands of the expected size when analyzed by agarose gel electrophoresis (data not shown). Groups 1, 3. 4. and 6 produced amplicons of the expected size and larger (see size range in Table 2 ) at all temperatures used in the gradient. Because the primers for group 3 and 4 were almost identical, fragments of the expected size (750 tit) from group 3 and 4 amplifications at all temperatures of the gradient were excised and pooled and the same was done for larger fragments (>750 tit) prior to cloning (Table 2) . Group 1 and 6 fragments greater than 500 nt were excised and cloned.
SEQUENCE ANALYSIS. The amino acid sequences of the expected fragments from known TIR-NBS-LRR were used to screen the nucleotide sequence data using TFASTX. None of the clones tested for Primer Group 1 or Primer Group 6 were TIR-NBS-LRR fragments (Table 2) . Fifty-one of the 110 clones (46%) from amplicons of the expected size (-750 tit) from Primer Group 3 and 4 showed significant identity with TIR-NB S-LRR sequences. None of the larger fragments from Primer Group 3 and 4 were identified as TIR-NBS-LRR sequences (Table 2 ).
All 460 sequences were used as queries against the NCBI nr database in a BLASTN and a TBLASTX search. Primer Group 1 sequences had significant identity with an N-acetyltransferase (NM_128564.1) and a protein kinase (NM_122306.2). The sequence with the lowest expectation score (2.00 e-83 ) was a UDP-glucose dehydrogenase from Populus tomentosa Carriere (AY466400.1). The T. cacao fragment matching this sequence has forward primer 1 (Group 1 Fl Table 2) at both the 5' and 3' ends of the sequence. Similarly, the T cacao fragments matching the protein kinase sequences had forward primer 2 (Group 1 F2 Table 2 ) at both the 5' and 3' ends. For other T cacao Group 1 sequences that showed significant identity with plant sequences other than TIR-NBS-LRR, the reverse primer was found at the 5' end of the amino acid sequence and the forward primer at the 3' end. Similar problems were found with the Group 6 sequences which also had significant matches with NCBI sequences but where the reverse primer was found at both the 5' end and the 3' end of the sequence.
The 51 clones from Group 3 and 4 that matched TIR-NBS-LRR sequences were sequenced from both the 5' and 3' direction and the combined sequences aligned. Primer regions and duplicate identical sequences were removed from the aligned sequences and the sequences were realigned. The 30 realigned sequences fell into nine well-separated clusters (Fig. 1) . When the sequences were translated, clusters 413, 713, 8, and 9 contained single-nucleotide deletions in all members that caused frameshifts and early termination of the protein. As NBS-LRR genes are frequently found as pseudogenes, these clusters were not considered for specific primer generation. Clusters 1A, 2, 3, and 4A were chosen for specific primer generation because each appeared to represent separate alleles of a single heterozygous locus that could be mapped in the F, population. Clusters lB. 5, and 6 all had more than two closely related sequences, which might suggest a duplicated locus. Cluster 7 had only three sequences but they were all identical, which would not allow mapping in the F, population.
Asingle representative sequence with a continuous open reading frame from clusters 1A, 2, 3, 4A, 5, 6, and 7 and two sequences from cluster I were aligned and translated. The pairwise uncorrected distance of the nucleotide sequences and the translated amino acid sequences was calculated (Table 3) . Pairwise identity between nucleotide sequences was always greater than between amino acid sequences, an unexpected result. The rate of synonymous substitution at synonymous sites (K s) and nonsynonymous substitution at nonsynonymous sites (Ku) was calculated using the DIVERGE program of GCG (data not shown). The K./K, ratio for any pair of sequences was not greater than I; thus positive selection in this region is not supported.
The TIR-NBS-LRR genes of A. thaliana have all been identified and placed in groups by sequence alignment (Meyers et al., 2003) . The A. thaliana amino acid sequences were trimmed and generated by UPGMA using the uncorrected pairwise stances
from the aligned sequences (Fig. 2) . i'heohro,na cacao sequences 61 are most closely related to TNL-C (TIR-NBS-LRR Group C) 6-2- (5) sequences from A. thaliana (Fig. 2) group TNL-C (At1g27180) (Fig. 3) . The VLLVLDDVD motif 5-2 of the kinase 2 region, which is diagnostic for TIR-NBS-LRR 5-4 sequences, is highlighted. The other diagnostic sequence forTIR-
5-1)4)
NBS-LRR was the site for the reverse primer for Primer Group 32 3 and 4 and was trimmed from the T cacao sequences prior to 31 alignment. All the T cacao TIR-NBS-LRR sequences identified 4B-1 (6) in this study contained the amino acid motif MFDLEASSSYG-IB-2 DLCKV (highlighted in Fig. 3 ).
4A-1 MAPPING. Because the sequences were more than 90% iden-
tical at the nucleotide level, it was possible that all sequences
were from a single cluster of duplicated genes on a single chro-
mosome. Primers were designed from the aligned sequences to 1B-3_(2) discriminate between clusters and to incorporate potential SNPs (Fig. 4) . Amplification of genomic DNA with primers designed ia-s to Cluster IA sequences produced fragments representing more
than two alleles and could not be used for mappin g (data not
shown). Primer pairs designed to flank SNPs in TIR2, TIR3, and
TIR4 (Table 4) were used to map these loci in the F, population.
1-1
Although the sequences shared a great deal of identity, the TIR2
1A-2 locus was in linkage group 1 while TIR3 and TIR4 were in link-
age group 5 (Fig. 5 ). TIR3 and TIR4 are about 0.3 cM apart. In Clusters are not in numerical order because they were defined by sequence alignment prior to creation of the dendrogram. Numbers in parentheses after the cluster and sequence designator denote the number of identical sequences found. The length of the branches is proportional to the uncorrected distance between the aligned nucleotide sequences. The bar represents the length equal to 1.00 nucleotide substitution per 100 residues.
In dicots, the family of resistance genes is divided into two main groups, those with a Toll/Interleukin-1 Receptor motif (TIR) and those without (non-TIR). Several groups have found it difficult with degenerate primers designed to the highly conserved portions of the NBS region to isolate both non-TIR and TIR-NBS-LRR containing resistance gene homologues Noir et al., 2001; Tian et al., 2004) . Using a novel approach to the designing of degenerate primers (Wei et al., 2003) , Table 3 . Pairwise comparison of uncorrected nucleotide and amino acid distances for representative sequences from Toll/Interleukin-I Receptornucleotide binding site-lcucine rich repeat (TIR-NBS-LRR) sequence clusters of Theobroma cacao. Clusters as described in Fig. I are not in numerical order because they were defined by sequence alignment prior to generation of the distance we created six sets of degenerate primers that were targeted to TIR-NBS-LRR sequences. All primer groups were tested against 'TSH516', the F 1 individual that is the parent of the only extant F, population of T cacao. This F, population has proved useful as a mapping population for both microsatellite and SSCP-based markers (Brown et al.. 2005) . Two of the primer groups that targeted the same regions were the only groups successful in amplifying TIR-NBS-LRR sequences. These sequences were identified by comparison with known TIR-NBS-LRR sequences and the presence of the diagnostic amino acid sequence in the kinase 2 region (VLLVLD-DVD) which was found in all of the TIR-NBS-LRR sequences in T. cacao while VLLVLDDVW was found in all the non-TIR-NBS-LRR sequences previously identified in T. cacao . When the TIR-NBS-LRR sequences were aligned with the non-TIR-NBS-LRR sequences from cacao, they formed two distinct clusters with no overlap (data not shown). Thus, for both the T cacao non-TIR and TIR-NBS-LRR sequences, they are more similar to non-TIR or TIR-NBS-LRR sequences from other species than they are to each other.
Two of the primer groups (2 and 5) failed to amplify distinct fragments in T. cacao, which may be due to the great number of potential annealing sites for these degenerate primers in the cacao genome. When primer groups 2 and 5 were tested for amplification with an annealing temperature gradient, no specific fragments were amplified and no further amplifications were attempted. However, the forward primers from groups 2 and 5 could be paired with the reverse primers from sets 3 and 6, respectively, to determine if TIR-NBS-LRR specific fragments can be amplified.
Primer groups I and 6 gave distinct amplification products in the size range expected, but none of these products were related to TIR-NBS-LRR genes. Analysis of the sequences that were identified by BLAST searches of the NCBI database showed that the most frequent products amplified were often due to annealing of a single primer, such as the Group 1 forward primer Fl or F2, at both the 5' and 3' ends of the amplified fragment. Such unintended amplicons are frequently encountered when using degenerate primers. This would also suggest that use of the Group 1 forward primers with other reverse primers might lead to the same results.
Distances between the TIR-NBS-LRR clades were much smaller than those for the non-TIR-NBS-LRR clades previously identified. Using our previous criterion, less than 80% unweighted nucleotide distance, for dividing non-TIR-NBS-LRR sequences Fig. 3 . Alignment of the amino acid sequences from representative sequences from Theobrona cacao clusters IA, 2, 3, and 4A with the amino acid sequence of At 127180. aToll/Interleukin-I Receptor-nucleotide binding site-leucine rich repeat (TNL) group C sequence from Arahidapsi.s tha/iana (TNL). The kinase 2 motif is highlighted as well as a motif found in all T cacao sequences identified in this study. Capital letters denote identity with the consensus sequence. Lowercase letters denote difference with the consensus sequence. Dashes in the consensus sequence represent no consensus. Dots in the aligned sequences denote gaps. Fig. 4 . A portion of the alignment of the nucleotide sequences from Theobronia cacao clusters 2, 3 and 4A. Sequence TIR_2-I refers to sequence I of cluster 2 as described in Fig. 1 , etc. Nucleotides that differ with the consensus sequence are shown in lower case. Positions of the primers described in Table 4 are highlighted and labeled (e.g.. 2E is the forward primer specific to cluster 2. ZR is the reverse primer specific to cluster 2). Single-nucleotide polymorphisms (SNP) flanked by the primers are also highlighted.
into clades (Kuhn etal., 2003) , all the TIR-NBS-LRR sequences would be included in one dade. Perhaps more surprising is that the genetic distance calculated between individual TIR-NBS-LRR sequences was greater for the amino acid sequence than the nucleotide sequence. This was true both within and between clades. Thus, the few nucleotide differences between sequences almost always led to an alteration in the amino acid sequence.
This unexpected difference in nucleotide and amino acid sequence LG I LG 2
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LG 10 by redesigning the degenerate primers to specific subgroups of the A. thaliana TIR-NBS-LRR sequences (TNL-A, etc.) as the source of the alignment for primer design. Interestingly, the T cacao TIR-NBS-LRR sequences all shared a common, conserved amino acid motif (MFDLEASSSYGDLCKV) that is absent in A. thaliana sequences but which matched a similar motif in two putative TIR-NBS-LRR pseudogenes in Gossvpiurn hirsulurn L. (AY600402, AY600378 He et al., 2004) , also a member of the Malvales. This motif was lacking from the other reported TIR-NBS-LRR sequences from cotton (Tan et al.. 2003 ) which were also not identified by BLAST search with the T. cacao sequences. Primers designed to this highly conserved region may prove to be the best means to isolate more genetically diverse TIR-NBS-LRR sequences from cacao.
Development of molecular markers using a candidate-gene approach has proved useful and can he applied to any candidate gene. We are currently using this same method to develop markers from ESTs (expressed sequence tags) and from BAC (bacterial artificial chromosome) sequences. Because the number of expressed genes is likely in the tens of thousands for T. cacao, the method described here has the potential to generate thousands of genetic markers for placement on the cacao genetic map, many more markers than could be expected from SSRs. However, the association of such markers with interesting phenotypes requires large populations that are segregating for the phenotype of interest.
In tree crops such as T cacao, it is the lack of such populations, rather than the development of molecular markers, that is the limiting factor for advances in marker-assisted selection.
